Introduction {#sec1-1}
============

For patients suffering limb dysfunction because of severe peripheral nerve injury, the keys to restoring limb function are surgical repair of the peripheral nerve and functional brain remodeling (Moisello et al., 2008; Sun et al., 2014). Brachial plexus injury is a severe peripheral nerve deafferentation resulting from excessive stretching or tearing of the nerves that bridge the central nervous system and the upper limb (Xu et al., 2008). Although surgical techniques are advanced, it is hard to explain why brachial plexus injury patients do not have good clinical outcomes even after reinnervation. Despite the advances in surgical areas, it is believed that brain plasticity may play an important role in the recovery of hand function (Limthongthang et al., 2013; Sun et al., 2014). The beneficial effects of therapies such as mental practice have been investigated through motor imagery for training locomotor skills (Malouin and Richards, 2010; Liu et al., 2014). Previous studies have reported that cortical changes are mainly located in the primary motor cortex and sensory cortex. However, few studies have focused on the changes in advanced motor systems after peripheral nerve injury, such as the premotor area and the supplementary motor area. Currently, neuroscientists consider the ability of motor imagery to be vital in the restoration of hand function. Motor imagery is defined as an active process during which the representation of an action is internally reproduced within working memory without any overt output (Munzert et al., 2009; Vogt et al., 2013; Di Rienzo et al., 2014). The supplementary motor area is a region that contributes to the control of movement, and it is believed to be closely related to motor imagery that consists of both visual imagery and kinetic imagery (Solodkin et al., 2004). Existing work has focused on exploring the normal neural substrates of motor imagery and the physiological mechanisms underlying the supplementary motor area (Tak et al., 2015). Little is known about the change in the supplementary motor area during motor imagery tasks in brachial plexus injury patients. Whether the activation of supplementary motor area in brachial plexus injury patients is different from that of healthy ones during motor imagery tasks seems to be an interesting topic.

In this study, we explored brain activation when 10 patients with brachial plexus injury imagined completing certain motor tasks using their injured limb. The supplementary motor area lost its activation after brachial plexus avulsion injury. Long-term disuse of the injured limb and consequently disrupted motor output seemed to silence the activation of supplementary motor area. According to other previous studies, the inactivation of supplementary motor area produces great difficulty in the preparation, initiation and even the execution of movement (Deiber et al., 1996; Passingham, 1996; Lucci et al., 2014). This study might be an explanation for why patients cannot restore their distal limb motor function, even after peripheral nerve regeneration.

Participants and Methods {#sec1-2}
========================

Participants {#sec2-1}
------------

Ten patients with brachial plexus injury of the right limb scheduled for surgical treatment, aged 18--50 years with a mean age of 31.5 ± 6.5 years, were selected as the patient group from Huashan Hospital, Fudan University, China. A similar number of age- and sex-matched healthy people who underwent physical examination in Huashan Hospital were recruited publicly as the control group.

Inclusion criteria for the patient group were as follows: (1) complaints of paralysis of brachial plexus innervated area; (2) loss of sensory function of the upper limb; (3) diagnosis with physical examination, ultrasound scan, electromyography or surgical process; and (4) no history of other diseases.

Exclusion criteria for both groups were as follows: (1) confirmed or suspected history of diabetes mellitus, cervical spondylopathy, rheumatic disease, multiple sclerosis, chronic pain or cerebral diseases; (2) MRI contraindications; and (3) concurrent peripheral neuropathy; (4) within 1 year after injury.

The whole process of this study was supervised and approved by the Medical Ethics Committee of Huashan Hospital. All participants were aware of the process and purpose of the research, and provided their written informed consent to participate in this study.

Clinical information about the patients is listed in **[Table 1](#T1){ref-type="table"}**. The patients enrolled in the study were unable to complete the designed motor task independently, including wrist and finger flexion.

###### 

Clinical information of enrolled patients with brachial plexus injury
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Data acquisition {#sec2-2}
----------------

Participants lay supine in the GE Signa VH/I 3.0-T scanner (GE Healthcare, GE Asian Hub, Shanghai, China) with the head supported within a head coil. Their heads were fixed with the help of foam pillows that were belted over the forehead to minimize head movements. The gradient echo planar imaging sequence parameters used for acquisition of the fMRI images are listed below: repetition time = 3,000 ms; echo time = 35 ms; flip angle = 90°; field of view = 240 × 240 mm^2^; and acquisition matrix = 64 × 64, resulting in a voxel resolution of 3 mm × 3 mm × 3 mm. To ensure a steady state, we abandoned the images that were collected in the first 12 seconds. When the structural images were collected, a three-dimensional spoiled gradient-recalled acquisition sequence was used to acquire 1-mm-thick axial sections. The parameters are listed below: repetition time = 1,000 ms; echo time = 5 ms; flip angle = 200°; interslice space = 0 mm; field of view = 240 × 240 mm^2^; acquisition matrix = 256 × 256; number of excitations = 1.

Experimental paradigm {#sec2-3}
---------------------

A resting-state scan was first arranged for all the participants, but the results of the resting-state scan were not relevant to this study. The participants were asked to imagine completing a unilateral hand movement. In the motor imagery task, the participants were directed to imagine flexing their five fingers repeatedly. The palm was to remain hollow, as if they were holding an egg in the palm. In the imagery task, they were required to concentrate and repeat this imaginary movement in their mind, with their eyes closed. The imaginary grasping task lasted for 30 seconds, alternating with another 30-second rest period. During the rest period, the participants were instructed to keep calm and avoid unnecessary movements in the MRI scanner. The participants were asked to relax their bodies completely with no muscle contraction. The whole scan lasted for 10 minutes.

Data analysis {#sec2-4}
-------------

After data collection, SPM8 software implemented in Matlab version 2010b (MathWorks., Inc, Natick, MA, USA) was used to analyze the MR images. First, we realigned the scans of each participant to the first image for each sequence separately. Then, they were transformed into the standard stereotactic anatomical space corresponding to the atlas of Talairach and Tournoux. The voxels were then smoothed with a full width at half-maximum of \[8, 8, 8\]. The original MR signal in each single voxel did not accord with a normal distribution. The signals were converted to *Z* scores with the method of *Z*-transformation, and thus were suitable for further statistical *t*-tests.

We underwent boxcar analysis for all sessions with a *T*-contrast, and retained only voxels with *Z* scores \> 4.3946 and clusters \> 100 voxels for an uncorrected threshold *P* \< 0.001 for single-participant analysis. There was also a group analysis for each session using a one-sample *t*-test. Voxels only with *T* scores \> 3.9296 and clusters \>100 voxels for an uncorrected threshold *P* \< 0.001 were retained.

After statistical analysis, the selected voxels that had a supra-threshold *Z* value were projected onto the standard CH2 brain template. Then, the number of activated voxels and the position of peak points in the brain regions, especially in the supplementary motor area, were listed.

Results {#sec1-3}
=======

Activation of brain regions during imaginary grasping task in the control group {#sec2-5}
-------------------------------------------------------------------------------

In the control group, obvious activations in the Brodmann 6 area that included premotor area and supplementary motor area were observed during the imaginary grasping task. Activation also existed in the frontal lobe. Additional sporadic activation could be found in both hemispheres (**[Figure 1](#F1){ref-type="fig"}, [Table 2](#T2){ref-type="table"}**).

![Activation map of brain regions in control and patient groups during imagery grasping task.\
(A) Activated brain regions in the control group. (B) Activated brain regions in the patient group on the affected side. (C) Activated brain regions in the patient group on the healthy side. The imaginary movement of the right hand generated activation in bilateral supplementary motor areas, right insula and inferior frontal lobe. The warm color bar is used to define the activation of the voxels. The red-yellow color suggests a positive activation in the brain area. The numbers in the figures correspond to the slice numbers in the CH2 brain template. L: Left.](NRR-11-670-g003){#F1}

###### 

Brain regions activated in healthy participants during the imaginary grasping movement of the right hand
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Activation of brain regions during the imaginary grasping task in the patients with brachial plexus injury {#sec2-6}
----------------------------------------------------------------------------------------------------------

For the patients with brachial plexus injury, the imaginary grasp task of the healthy hand (left side) mainly activated the following brain regions: the cingulum, insula, supramarginal area and supplementary motor area (**[Figure 1](#F1){ref-type="fig"}, [Table 3](#T3){ref-type="table"}**). However, the imaginary grasp task of the affected hand (right side) mainly caused the activation of the limbic system, which is situated in the left hemisphere. We found hardly any activation in the premotor area or supplementary motor area (**[Figure 1](#F1){ref-type="fig"}, [Table 4](#T4){ref-type="table"}**). The results of the normal hand (left side) showed similar activation patterns to the control group. The most activated areas were concentrated in Brodmann area 6 (**[Figure 1](#F1){ref-type="fig"}** and **[Table 3](#T3){ref-type="table"}**).

###### 

Brain regions activated by the imaginary grasping movement of the left hand in the patients with brachial plexus injury
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###### 

Brain regions activated in brachial plexus injury patients during the imaginary grasping movement of the right hand

![](NRR-11-670-g006)

Group analysis {#sec2-7}
--------------

Based on the group analysis, the activated brain regions in the patient group during the imaginary grasping movement of the affected hand were different from those in the control group. Because of the deafferentation of the brachial plexus, the brain regions that were activated by the imaginary motion of the affected hand also differed greatly from those activated by the imaginary motion of the normal hand. Moreover, the global activation of the patient group was lower both in range and degree. No activation of the cerebellum was discovered in any participants, which suggests that there was no muscle contraction during the motor imagery task.

Discussion {#sec1-4}
==========

Brachial plexus injury is a common dysfunction of the upper limbs because of traffic accident or industrial work. It mainly results in complete or incomplete motor paralysis. After peripheral nerve surgery, muscle contraction can easily be observed because of reinnervation (Terzis and Kostopoulos, 2007; Lee et al., 2015). However, it is difficult to restore meaningful and independent limb motor function. It is a common phenomenon that patients complain of unsatisfactory distal limb function. Up to now, many types of surgeries have been used to restore the motor and sensory function of the injured limb. However, the outcome is not always optimal, especially for the patients suffering from complete brachial plexus injury with root avulsion (Sammer et al., 2012). Previous work has suggested that both cerebral plasticity and cortical remodeling are responsible for the restoration of limb function (Navarro et al., 2007; Pagnussat et al., 2012). Besides anatomical repair, cortical factors may also play an important role. In the brain, the supplementary motor area is one of the most vital areas that contributes to the control of movement. Therefore, it is necessary to find out what exactly happens to motion-associated areas, such as the premotor area and the supplementary motor area. Their dysfunction may be one of the reasons responsible for the poor restoration of hand function.

In this study, the motor imagery task with the unaffected hand aroused the activation of most brain regions related to motor preparation. This is in accordance with previous studies on motor imagery (Decety et al., 1994). The activated brain regions in healthy participants were concentrated in the frontal lobe and bilateral supplementary motor areas. A similar activation pattern was also noted in the normal hands of patients. These results showcase a bilateral, instead of unilateral, activation in the supplementary motor area. The similarity of the activation pattern between healthy participants and the normal hands of brachial plexus injury patients implies that unilateral brachial plexus injury has no functional influence on the unaffected limb.

One of the unexpected results of the current study was the absence of superior parietal lobe (BA7) activation. According to previous position emission computed tomograrhy studies (Stephan et al., 1995) and classical physiological tests (Haaxma and Kuypers, 1974), during the imaginary motor task, activation in the superior parietal lobe can be observed. However, our findings differ from these previous studies, which may be because of the motor task design. The superior parietal lobe, the BA7 region, is believed to play an important role in visual-motor coordination. However, the visual oriented process was limited in our task design. The task required a simple grasp movement without emphasis on a particular position or direction. Moreover, the participants were also instructed to close their eyes throughout the whole scan. The activation of the BA7 region was probably suppressed.

One of the most vital discoveries of this study was the different activation pattern in the supplementary motor area of brachial plexus injury patients (affected hand task).First, the global activation of brachial plexus injury patients (affected hand task) greatly decreased compared with control participants, as shown in \[Figure 3\]. Second, the supplementary motor area of brachial plexus injury patients (affected hand task) displayed nearly no activation despite its anatomical integrity. Obviously, the supplementary motor area of brachial plexus injury patients was functionally disrupted, although the upstream neural network was never damaged. It is interesting that the exact same cerebral region regained its function when the motor imagery task of the normal hand was used.

In the present study, the lesion of all the patients was located in the C~5~--T~1~ root. Thus, the neural substrates superior to the lesion level were supposed to be anatomically undamaged. It has been thought that the disruption of motor output because of root avulsion does not influence the upstream neural activity. However, the results of our study show the opposite. The supplementary motor area and even the premotor area of the brachial plexus injury patients (affected hand task) presented far much less activation than those of control participants. The neural activity correlated with movement preparation and initiation was inhibited. These results lead to our assumption that the bilateral supplementary motor areas with either hand belong to a certain neural circuit, and they are involved in the preparation, initiation and execution of movements. When the motor output pathway connecting the supplementary motor area with a terminal motor unit was blocked, the neural circuit was functionally broken and the bilateral supplementary motor area of patients became silent when confronted with the affected hand imagery task.

This result is in accordance with one previous study that described functional connectivity changes between the bilateral supplementary motor areas of brachial plexus injury patients (Mao et al., 2014). The study reported that the brachial plexus lesion decreases the degree of functional correlation of the supplementary motor area between hemispheres. Together with our results, it seems that loss of motor output, such as long-term nonuse of the affected limb, has a great impact on the function of the supplementary motor area. The ability to initiate movement is destroyed by the long-term nonuse of the affected limb. It has been reported that dysfunction in the supplementary motor area abolishes spontaneous motion of the contralateral limbs (Nachev et al., 2008). In our study, we demonstrated that immobilization of limb functionally suppresses the activation of bilateral supplementary motor area, and might be partly responsible for the unsatisfactory clinical restoration of hand function. It has been already demonstrated that limb immobilization induces a decline of exercisability (Zanette et al., 2004) and a decrease in cortical thickness in the primary motor and somatosensory areas of contralateral limb (Langer et al., 2012). It is also predictable that brachial plexus injury patients suffer from cortical degeneration because of structural change after long-term limb disuse. This may explain why brachial plexus injury patients have poor motor function even when the terminal motor unit, such as the hand, is successfully reinnervated.

To some extent, our study shows the difficulty that brachial plexus injury patients have in restoring fine motor function with a functionally silent supplementary motor area. Immobilization of the limb prevents cortical activation. However, exercise may reverse this negative effect. Recent studies have reported that action observation is likely to prevent cortical suppression (Bassolino et al., 2014; Yang, 2014). The observation of certain actions promotes the motor facilitation of the corticospinal system. This facilitation applied to the precentral motor cortex helps to maintain the time course (Gangitano et al., 2001) and the muscle recruitment (Sato and Tanji, 1989; Borroni and Baldissera, 2008) of certain actions. Motor imagery is believed to have similar results, because these processes share almost the same neural substrates (Dahlin, 2013). Motor imagery tasks may help to reduce the negative impact of limb disuse and provide a new method of rehabilitation for those who are suffering from brachial plexus injury.

Here, we discovered that brachial plexus injury patients had difficulty in exciting the supplementary motor area during a motor imagery task. The supplementary motor area is a region closely associated with the preparation, initiation and execution of certain movements. We assumed that the silence of the supplementary motor area might partly be responsible for the unsatisfactory clinical restoration of hand function. Whether such treatment has long-term effects for hand function remains unpredictable, and requires further study.
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